Background: Prenatal magnetic resonance (MR) imaging demonstration of the normal spinal cord and the conus medullaris location has not been well studied. We compared balanced fast field echo (bFFE) with single-shot turbo spin-echo (SSh-TSE) MR sequences for visualizing the normal spinal cord and position of conus medullaris in fetuses.
F
etal magnetic resonance (MR) imaging has been shown to have higher contrast resolution than ultrasonography (US) and gives better demonstration of the anatomy of the fetal brain. [1] Balanced fast field echo (bFFE) sequence, which is a gradient-echo sequence, and single-shot turbo spin-echo (SSh-TSE) sequence are two commonly used fast T2-weighted fetal MR imaging techniques. Gradient-echo sequence imaging, when compared with spin-echo sequence
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At a Glance Commentary
Scientific background of the subject Gradient echo sequence imaging was superior in evaluating the fetal brain as compared with spin echo imaging. The location of the conus medullaris is essential to the diagnosis of spinal anomaly. The intrauterine MRI of the normal spinal cord and the position of conus have not been reported.
What this study adds to the field
We compared the efficacy of two fetal MRI sequence, bFFE and SSh-TSE, in fetuses with normal spinal cord, and concluded that bFFE sequence has better visualization of spinal cord. The location of fetal conus medullaris, which has not been studied with in vivo MRI, was identified and correlated with GA.
imaging, has been shown to have lower radiofrequency resorption and superior imaging quality in delineating myelination of the fetal brain. [2] The location of the conus medullaris, which changes during the intrauterine life, is essential to the accurate diagnosis of spinal anomaly. The level of spinal cord termination during fetal life using MR imaging has not been well studied. A recent study using postmortem MR imaging reported that the conus laid between L2 and L5 levels before the 35 th gestational week and between L1 and L3 levels after the 35 th gestational week. [3] However, intrauterine MR imaging of the normal spinal cord and the position of the conus at different gestational ages (GAs) have not been reported.
In this study, we compared the contrast resolution between bFFE imaging and SSh-TSE imaging in visualizing the spinal cord and determined the position of the conus in the fetuses. We hypothesized that the known conus ascendance that occurs with increasing GA could be identified by T2 MR images and that bFFE imaging provided greater contrast resolution than did SSh-TSE imaging in the visualization of the spinal cord.
METHODS
Patients
We retrospectively reviewed images of 141 fetuses with a GA between 16 and 39 weeks, referred to our institution for MR examination from 2004 to 2010. We excluded 9 fetal subjects with spinal abnormality (2 myelomeningocele and 7 sacrococcygeal teratoma), leaving 132 subjects, among whom bFFE MR imaging was performed in 131 subjects and SSh-TSE imaging in 110 [ Figure 1A ].
MR imaging
All images were acquired on a 1.5 T scanner (Intera, Philips Medical Systems, Best, the Netherlands) using a body coil. Images in sagittal, coronal, and transverse planes focusing on CNS system were obtained with bFFE [repetition time/ echo time of 4.4 ms/2.2 ms, flip angle of 80°, slice thickness of 4 mm without gap, field of vision (FOV) of 200-300 mm, and matrix of 256 × 256], SSh-TSE (repetition time/echo time of 600-800 ms/60 ms, flip angle of 90, slice thickness of 4 mm without gap, FOV of 260-300 mm, and matrix of 256 × 256), or both. Sagittal imaging focusing on the lumbosacral spine was performed in 69 fetuses, among whom 66 had bFFE imaging and 59 had SSh-TSE imaging [ Figure 1B ].
Image interpretation
CSF to spinal cord signal intensity ratio determination
Two investigators, a training radiologist with 3-year experience of fetal MR imaging and a neuroradiologist with 10-year experience of fetal MR imaging, interpreted the bFFE and SSh-TSE images of each subject to determine the visualization of the spinal cord. In subjects with visible spinal cord, a signal intensity ratio of the cerebral spinal fluid (CSF) to the spinal cord, representing an objective value of cord visualization, was measured. We assessed the signal intensity of the most clearly visualized part of the spinal cord and the signal intensity of the CSF in the thecal sac close to the measured spinal cord [ Figure 2 ]. The region of interest (ROI) placed in the CSF and spinal cord in the same individual was constant, but varied among different subjects, in the range of 15-40 mm 2 . Of the two different techniques, the ROI was placed in the same or closest sagittal plane.
Level of conus medullaris determination
The position of the conus medullaris was determined with reference to the level of the lumbosacral transition. The level of the conus medullaris of each subject was defined as the transition between the visualized spinal cord and CSF in the thecal sac, and the level was determined by referring to the sagittal bFFE or SSh-TSE images, on which the conus was most clearly identified.
Statistical analysis
Paired t-test was applied to determine the significant difference of the signal ratio of CSF to spinal cord between bFFE and SSh-TSE images on those subjects who were studied with both sequences. Pearson's correlation test was used to determine the relationship between the GA and the conus level. A p value less than 0.05 was considered to indicate statistical significance. Analyses were performed by using a statistical software (SPSS, version 17; SAS Institute, Chicago, IL, U.S.A.).
RESULTS
CSF to spinal cord signal intensity ratio determination
In the 131 subjects with bFFE images, the spinal cord could be identified in 129 (98.47%), while in the 110 subjects with SSh-TSE images, the cord could be identified in 77 (70.0%) [ Figure 1A ]. In the 75 subjects with identifiable spinal cord who underwent both bFFE and SSh-TSE imaging, the signal intensity ratio of CSF to spinal cord was greater on bFFE images (mean: 2.18, standard deviation: 0.53) than on SSh-TSE images (mean: 1.21, standard deviation: 0.13) (p < 0.001).
Level of conus medullaris determination
The conus medullaris was identified in 47 fetuses (71.21%; median GA: 26 weeks, range: 20-38 weeks) on bFFE imaging and in 17 fetuses (28.81%; median GA: 30 weeks, range: 23-38 weeks) on SSh-TSE [ Figure 1B] . Overall, the conus was identified in 50 subjects having either bFFE or SSh-TSE imaging, and the conus was located from L1 to L5 levels [ Figures 3 and 4] . The ascendance of the conus was moderately and positively correlated with the GA in weeks (r = 0.66, p < 0.05) [ Figure 5 ].
DISCUSSION
We found a higher visualization rate of both of the spinal cord and conus medullaris on bFFE (98.47% and 71.21%, respectively) than on SSh-TSE (70.00% and 28.81%, respectively) and a significantly higher signal ratio of CSF to spinal cord on bFFE (2.18 ± 0.53) than on SSh-TSE (1.21 ± 0.13). Better visualization can be explained by the greater signal contrast between CSF and spinal cord on bFFE than on SSh-TSE and by blurring of tissue having short T2 relaxation time (e.g., the spinal cord) on TSE sequence. The MR signal of bFFE can be expressed as signal = M 0 . sin α/[1 + cos α + (1 -cos α)(T1/T2)], where M 0 is the magnetization at thermal equilibrium and α is the flip angle, [4] and the signal of SSh-TSE can be estimated as signal = M 0 . exp(-TE/T2). [5] By substituting the mean relaxation times and relative proton density ratio of CSF (T1 = 3916 ms, T2 = 1330 ms; 1.09) and gray matter (T1 = 1213 ms, T2 = 126 ms; 1.0) recently reported by Weigel et al., [5] the theoretical contrast ratio of CSF to gray matter in our study can be estimated to be 2.76 for bFFE (α = 80º) and 1.68 for SSTSE (TE = 60 ms), comparable to the results in our study.
Decreased visualization of the spinal cord may be associated with blurring in SSh-TSE. Point spread function blurring, caused by continuous T2 decay in SSh-TSE owing to data of the outer K-space being acquired from late echoes, [2] has been known to occur in tissues with short T2 relaxation time. Since the spinal cord has shorter T2 relaxation time than the CSF, blurring may occur at the interface between the cord and the surrounding CSF, leading to a decrease in both the signal contrast and the visualization of the spinal cord.
The level of termination of the spinal cord was reported to be about L5 at the 20 th week of gestation and to reach about L1 within the first year of life in a postmortem study. [6, 7] In a recent MR imaging study of the fetal lumbar spine, also a postmortem study, the level of cord termination was found between L2 and L5 levels in fetuses younger than 35 gestational weeks and between L1/2 and L2/3 levels in fetuses near term. [3] On postnatal sonography, the position of the conus medullaris was found at the L2/3 level in premature babies from 27 th to 29 th gestational week and at the L1/2 level in babies older than 34 th gestational week. [8] A recent intrauterine US study of 110 fetuses reported that the conus medullaris ascended between the 13 th and 40 th gestational weeks from below the L4 vertebral level to L2 level and above. [9] Another fetal US study reported the conus positions within L2-L3 levels in fetuses from 20 th to 24 th gestational weeks.
[ th weeks, and at L2 level in fetuses older than 36 th week, were more comparable to those of the postmortem fetal and postnatal studies. The conus medullaris was found in several normal fetuses at as low as the L4 level between 25 and 31 weeks GA, and was consistently observed at the L3 level or higher after 31 weeks GA.
Compared with the postmortem studies of the fetal spine, our study was an in vivo one and without fixation damage or autolysis of tissue, thus could be more clinically applicable. Images in the sagittal plane were available in all of our subjects recruited for determining the level of spinal cord termination.
Our study has a few limitations. The age distribution of the subjects was uneven with fewer subjects imaged in the third trimester, reflecting the clinical indications for the fetal MR examinations in the second trimester for decision making in managing pregnancy. Future study may employ a larger population involving more subjects in late GAs. Although nearly half of our cases were specifically examined for the lumbosacral spine with sagittal images, only a small number of subjects had both the conus and the lumbosacral transition imaged on a single sagittal image, which may affect localization of the vertebral level. Since lumbosacral transitional vertebrae may be present in 4-21% of the general population, [11, 12] variations may exist in identifying the vertebral level, a process that depends on morphological recognition of the lumbosacral junction.
Conclusions
In summary, fetal spinal MR imaging using the bFFE sequence, when compared with the SSh-TSE sequence, has greater signal contrast ratio of CSF to spinal cord and provides better visualization of the spinal cord. The level of spinal cord termination ascends from L5 to L1 levels as the GA increases from the 20 th to 38 th weeks as observed with prenatal ultrasound. 
